Patent data present a number of advantages compared to other alternative measures of innovation. This paper presents research on the use of environmentally relevant technology patent data using a comprehensive analysis method to analyze the development of green technology innovation in China in 1990-2015. From the analysis, it can be concluded that during the period of 2000-2015, China's environmental-related technology innovation made great progress and was at the forefront of green technology growth; in particular, the areas of water and wastewater treatment, solar photovoltaic (PV) energy, lighting, improvements related to bulk or fine chemicals or pharmaceuticals, electric vehicles, and other technologies made great achievements. These technologies are closely related to environmental policies, such as climate change mitigation and green industry transformation, for which China has been advocating for more than a decade. However, after analyzing China's green development, it was found that, although some of the indicators, environmental-related patents, and green developments have made great progress, complete reliance on green technology is far off in the future.
H I G H L I G H T S
• Recent China's innovation growth has been focused on green technology. • Most green technologies are related to water, energy, health and mobility technologies. • A large reliance on green technologies seems however unlikely in China's near future. • The lack of future reliance is due to relies more on labor, production capital, and natural capital.
G R A P H I C A L A B S T R A C T
During the period of 2000-2015, China's environmental-related technology innovation made great progress and was at the forefront of green technology growth; in particular, the areas of water and wastewater treatment, solar photovoltaic (PV) energy, lighting, improvements related to bulk or fine chemicals or pharmaceuticals, electric vehicles, and other technologies made great achievements. Compared with most countries and regions in the world, China's environmental-related green technologies are among the highest in the world. However, in terms of green development, it can be seen from the Environmentally Adjusted Multifactor Productivity indicator that China's development relies more on labor, production capital, and natural capital, but not to promote growth through productivity improvement. a b s t r a c t a r t i c l e i n f o
Introduction
Green innovation is a type of innovation that not only can have benefits for consumers and enterprises but also can greatly decrease the adverse effects on the environment (James, 1997; Dangelico et al., 2017) . It includes the technique innovation involving in energy saving, pollution prevention, waste recycling, design for green products, environmental management so forth (Zhehao et al., 2019) . As an integral part of green innovation, green technology innovation has received continuous attention because of the growing concern over the state of the environment (Abdullah et al., 2016) . Green technology innovation is expected to produce a double dividend: limiting the environmental burden while contributing to the technological modernization of the economy (Rennings et al., 2006) . Sustainable green technology is important for effectively and economically controlling pollutant emissions (UNCTAD, 2018) . Green technology contributes to balancing environmental protection and economic development, which is a key relationship for the creation of a sustainable society (Sun et al., 2008) . The importance of green technology has increased worldwide, especially in China. According to Li (2018) , the Chinese government is working to promote industrial capability due to innovation-driven manufacturing, industrial optimization, quality improvements, and green development. It is widely acknowledged that far-reaching innovation is needed to address climate change and other environmental challenges. Within the group of green technologies, it includes Bio-and Nano-technology, ICTs and environment-related technologies, etc. (OECD., 2012) ,the analysis of this article focuses on the area of environment-related technologies, which including environmental management, water-related adaptation technologies and climate change mitigation, to analyze the development of green innovation in China in 1990-2015. Patent data have often been used as a measure of technological innovation because these data focus on outputs of the inventive process (Griliches, 1990; Haščič and Migotto, 2015) . Patent data provide a wealth of information on the nature of the invention, the inventors and the applicant. The data are readily available and discrete. There are very few examples of economically significant inventions that have not been patented (Dernis and Guellec, 2001) . Based on Organisation for Economic Co-operation and Development (OECD) patent data, this paper analyzed the development and trend of green innovation technology in China from 1990 to 2015 and analyzed the relationship among green innovation technology, policy, and environmental quality.
Data, category for environment-related technologies and method

Data and category for environment-related technologies
The data applied in the study were mainly obtained from the technology development dataset of the OECD Environment Database and World Bank database. The OECD Environment Directorate, in collaboration with the Directorate for Science, Technology and Innovation, has developed patent-based innovation indicators that are suitable for tracking developments in environment-related technologies. The indicators allow the assessment of countries and firms innovative performance and the design of governments environmental and innovation policies.
The indicators presented refer to inventions filed (excluding utility models, petty patents, etc.) in one or more jurisdictions (family size 1 or greater) or in two or more jurisdictions (family size 2 or greater). A patent family is defined as the set of all patent applications protecting the same 'priority' data source and methodology.
The patent statistics presented are constructed using data extracted from the Worldwide Patent Statistical Database (PATSTAT) of the European Patent Office (EPO) using algorithms developed by the OECD. The relevant patent documents are identified using search strategies for environment-related technologies (Table 1) , which were developed specifically for this purpose. The search strategies allow for the identification of technologies relevant to environmental management, water-related adaptation, and climate change mitigation.
The size of an international patent family (including the first 'priority' filing and its equivalents deposited at other patent offices) is found to be correlated with the value of the invention: family size "1 and greater" (i.e., all patent priorities) yields figures based on all available data worldwide, including many low-value inventions; family size "2 and greater"(F ≥ 2) (i.e., 'claimed' priorities) counts only the higher-value inventions that have sought patent protection in at least two jurisdictions, etc.
In this study, the patents refer to high-quality patents (F ≥ 2) without special explanation. And three indicators are discussed in the paper: an indicator of technology development (a measure of inventive activity) for environment-related technologies; an indicator of international collaboration in technology development (a measure of co-invention); and an indicator of technology diffusion (a measure of market protection). These indicators provide a range of tools for assessing innovative performance in country and policy studies (Haščič and Migotto, 2015) .
Method
For overall environmental-related technologies, use comparative methods to study the developments of the past 25 years. And for the development of technologies, four indicators are used to represent development of environment-related technologies: percentage of all technologies, percentage of inventions worldwide, relative advantage and inventions per capita (Table 2) .
For the diffusion of environmentally relevant technologies, three indicators were used to analyze it, as shown in Table 3 .
Analysis
Overall environmental-related technologies
China's overall environmental-related technologies grew during the period of 1990-2015, and this growth trend was consistent with the growth trend of R&D expenditures (% of GDP) ( Fig. 1 ) and GDP per capital ( Fig. 2 ). In the three major areas of environmental management, water-related adaptation technologies, and climate change mitigation, innovation in the field of climate change mitigation is more active than the former two.
Development of the three major classifications about environmentalrelated technologies
The environment-related technologies can be divided into three categories: environmental management, water-related adaptation technologies, and climate change mitigation technologies (Table 1) . Environmental management can be subdivided into five categories (Fig. 3a) , and air pollution abatement and water pollution abatement have the largest number of patents, and the growth rate is also the most obvious. Water-related adaptation technologies are subdivided into two types ( Fig. 3b ) among them, demand-side technologies (water conservation) are far greater in quantity and growth than supply-side technologies (water availability). The classification of climate change mitigation patents is the largest and most complex category, which can be subdivided into six categories (Fig. 3c ). The number of patents related to energy generation, transmission or distribution has consistently ranked first, and its growth has slowed after reaching its peak in 2012. The number of patents in storage, sequestration or disposal of GHG is the lowest of the six categories, and its development has been very stable.
In environmental management, the technology of air pollution abatement (1. Emissions abatement from stationary sources, 2. Emissions abatement from mobile sources, and 3. Not classified elsewhere) and water and wastewater treatment in water pollution abatement are the largest and fastest growing patent areas ( Fig. 4a . Numbers at the abscissa correspond to the serial number in Table 1 ).
Among the water-related adaptation technologies, the number of technologies, such as indoor water conservation and irrigation water conservation, is the fastest growing ( Fig. 4b ).
Most of the technologies can be found within climate change mitigation, which can be divided into 6 categories. Among these six categories, CCMT related to energy generation, transmission or distribution has the fastest growing number of patents. In the specific technology, the number of patents in renewable energy generation is the largest of all climate change mitigation (Table 1, Fig. 4c , climate change mitigation, No. 1). Then, the largest number and the fastest growth are observed for Hide Subtree Energy efficiency in buildings (No. 19), road transport (No. 13) and technologies relating to chemical industry (No. 23).
Development and relative advantage of environment-related technologies
Development of environment-related technologies
According to the indicators in Table 2 (Method section), in 2007-2015, percentage of all technologies shows downward trend, while percentage of inventions worldwide is growing. The relative advantage is basically stable, and inventions per capita is increasing ( Fig. 5 ).
According to the field, within the percentage of environment-related technologies, general environmental management, CCMT related to the energy generation, transmission or distribution is the largest proportion of all the environmental technologies in 2007-2015. The proportion of capture, storage, sequestration or disposal of greenhouse gases is the lowest in history ( Fig. 6 ).
Diffusion of environment-related technologies
According to the indicators in Table 3 (Method section), in the diffusion of environment-related technologies, percentage of all technologies has a slight downward trend, while the percentage of inventions Architectural or constructional elements improving the thermal performance of buildings; 21 Enabling technologies in buildings; CCMT in the production or processing of goods 22 Technologies related to metal processing; 23 Technologies relating to chemical industry; 24 Technologies relating to oil refining and petrochemical industry; 25 Technologies relating to the processing of minerals; 26 Technologies relating to agriculture, livestock or agro alimentary industries; 27 CCMT in the production process for final industrial or consumer products; 28 CCMT for sector-wide applications; 29 Enabling technologies with a potential contribution to GHG (greenhouse gases) emissions mitigation; Table 2 The indicators for assessing development of environment-related technologies (Haščič and Migotto, 2015) .
No. Development indicators
Definition 1
Percentage of all technologies
The number of environment-related inventions is expressed as a percentage of all domestic inventions (in all technologies). Changes in 'environmental' technological innovation can then be interpreted in relation to innovation in general. 2
Percentage of inventions worldwide
The number of environment-related inventions is expressed as a percentage of environment-related inventions worldwide. This indicator allows the importance of inventive activity in a given country to be assessed in terms of its contribution to the global pool of inventions. 3
Relative advantage Technologies are an index of the specialization in environmental innovation of a given country relative to the world value. It is calculated as the ratio of 1) the share of environment-related inventions on all inventions (in all technologies) at home and 2) the share of environment-related inventions on all inventions (in all technologies) in the world. Hence, an index equal to one means that a country innovates as much in 'green' technologies as the world; an index above 1 indicates a relative technological advantage (RTA), or specialization, in environment-related technologies compared to the world value. 4
Inventions per capita The number of environment-related inventions is expressed per million residents (higher-value inventions/million persons).
worldwide shows a steady trend year by year ( Fig. 7) . According to the domain, diffusion of the environment management is the largest in 2007-2015 ( Fig. 8) .
International collaboration
The number of co-inventions in environment-related technologies is expressed as a percentage of all domestic co-inventions (in all technologies). The counts include all relevant co-inventions (with patent family size = 1). In recent years, China's environmental-related patents in cooperation with countries around the world show a downward trend (Fig. 9 ). The main cooperative countries are the United States, South Korea, Germany, the United Kingdom, France, and Canada (Table 4 ).
Discussion
China's fastest growing green technologies in 1990-2015
In terms of areas, the fastest-growing technologies in China during 1990-2015 are water and wastewater treatment, solar photovoltaic (PV) energy, lighting, end-user side, improvements related to bulk or fine chemicals or pharmaceuticals, electric vehicles, enabling technologies with a potential contribution to GHG emissions mitigation, emissions abatement from stationary sources, and wind energy (Fig. 10) .
The contribution of environment-related technologies to the international community is increasing year by year
Compared with most countries and regions in the world, China's environmental-related green technologies are among the highest in Table 3 The indicators for assessing diffusion of environment-related technologies.
Indicators
Definition 1 % all technologies Environment-related patents are expressed as a percentage of all patent applications deposited in a jurisdiction (in all technologies). This allows changes to be interpreted in relation to diffusion in general.
% inventions worldwide
This indicator gives the percentage of the global pool of 'green' technologies that seek protection in a given geographic market. It is calculated as the number of environment-related inventions that seek patent protection in a given geographic market (jurisdiction of a patent office) expressed as a percentage of environment-related inventions that sought protection anywhere in the world during the period T -3 to T (i.e., patent applications in country/region X divided by patent applications worldwide in the given year and the previous 3 years). The reason for taking the world total over 4 years is to use the "patent stock" as denominator, rather than worldwide applications in the current year only.
% environment-related technologies by domain
The number of inventions in a specific technological group deposited in a jurisdiction is expressed as a percentage of total environment-related inventions. This indicator assesses the relative importance of inventive activity in a given jurisdiction for a specific environment-related technological domain. Year Techologies by domain technological innovation countries and regions, China's green technology growth ranks among the top in the world during 2000-2015 ( Fig. 11) .
China's environmental innovation policy has promoted the innovation and development of environmental related technologies
Patent data present a number of advantages compared to other alternative measures of innovation, notably, in contrast to data on R&D expenditures that only measure the input or data on trade in commodities that do not necessarily embody any innovative technologies, patent data measure the intermediate outputs of the inventive process. From the analysis of indicators, such as overall environmental-related technologies, development and relative advantages of environmentrelated technologies, and the growth of the world's major technological innovation countries, it can be seen that the innovation activities of China and the environment are showing a growing trend, and China's growth rate is among the highest in the world.
China's National Climate Change Program (Government of China 2007), set one of its objectives as "controlling export of energyintensive, pollution-intensive and resource-intensive products to formulate an import and export structure favorable to the promotion of a cleaner and optimal energy mix." In a subsequent policy paper outlining the steps taken to implement the program, the government (Government of China 2008) described its efforts as "limiting the excessively rapid expansion of high energy intensive and emission intensive industries…."The government is working to restrain the export of high energy-intensive, pollution-intensive, and resource-intensive products. Set in the context of a broad program of policies to address climate change, this effort was explicitly aimed at restructuring the national economy by discouraging polluting firms and sectors. The implementation of these policies has undoubtedly provided a great impetus to the innovative development of environment-related technologies.
China's green development needs further improvement
As China's economy shifts from a high-speed growth phase to a high-quality development phase, the task of promoting green development is more important and urgent. In recent years, through hard work, China's green development has made significant progress. During the period of 2000-2015, growth was made within the development of environment-related technologies and related indicators such as energy intensity and non-energy material productivity (Fig. 12 ). However, in terms of green development, it can be seen from the Environmentally Adjusted Multifactor Productivity (EAMFP) (Rodríguez et al., 2016) indicator that China's development relies more on labor, production capital, and natural capital, but not to promote growth through productivity improvement. This finding shows that, although China's environmental innovation has made great progress, the level of green development still needs to be improved, especially in environmentally adjusted multifactor productivity, which exhibits a very large gap.
Conclusions and perspectives
Innovation in the field of climate change is particularly prominent in China
China's overall environmental-related technologies grew during the period of 1990-201, and this growth trend was consistent with the growth trend of R&D expenditures (% of GDP) and GDP per capital. The analysis also indicates that after the economic development reaches a certain stage, more attention is paid to the innovation and development of green, environmental protection, and energy saving. This shift is also related to the green development, innovation, and other environmental policies for which the Chinese government has been advocating in recent years. In the three major areas of environmental management, water-related adaptation technologies, and climate change mitigation, innovation in the field of climate change is more active than the former two; And in the field of climate change, the most active is CCMT related to energy generation, transmission or distribution.
The importance of inventive activity to the global is increasing
In 2007-2015, percentage of all technologies shows downward trend, while percentage of inventions worldwide is growing. The relative advantage is basically stable, and inventions per capita are increasing. In the diffusion of environment-related technologies, percentage of all technologies has a slight downward trend, while the percentage of inventions worldwide shows a steady trend year by year.
China needs to pay close attention to EAMFP, transforming the momentum of green growth
The interest of policy-makers in the development and wide diffusion of environment-related technologies is motivated by their potential to render environmental policies more effective and more cost-efficient. Some governments are also motivated by the goal of creating new business opportunities and markets, and thus accelerating the transition to green growth. At present, China is in the stage of transforming its development mode, optimizing its economic structure and transforming its growth momentum. To achieve high-quality development, China must attach great importance to paying close attention to EAMFP, which will help to make a more accurate assessment of the green development prospects, thereby promoting high-quality economic development. 2007 2008 2009 2010 2011 2012 2013 2014 2015 
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